The mechanical response of a non-rotating wire rope is analyzed using a new modeling approach. Unlike previous models that approximated the response of wound strands by using the response of a straight strand, 
INTRODUCTION
The 18x7 non-rotation resistance rope is frequently in use in tower crane applications where high hoisting heights are common. The mechanical performance such as rotation resistance is strongly dependent on the geometrical properties of the cross section. The distributions of the tension stresses that are generated along the various double helix wires strongly affect the fatigue life of the rope. The tension stress distribution is strongly dependent on the type of end condition i.e. fixed or free end. Analysis of the mechanical performance and stress state along the various double helix wires may be carried out by a simulation procedure or experimental study. Experimental study is expensive and requires a large number of specimens in order to achieve reliable data. Therefore there is a need to develop a simulation procedure by which the mechanical performance of multi strand construction will be analyzed.
Several models are available to analyze the mechanical performance of a multi-strand construction in which the double helix is the main element. Velinsky et al. (1981 Velinsky et al. ( , 1984 were the first to analyze the mechanical response of a multi-strand construction. They extended the procedure developed by Costello, and Miller (1976, 1979) to treat a multi-strand construction of frictionless wires. They assumed a well-lubricated rope and accordingly, the distribution of the tension stress along the double helix is uniform Their modeling procedure is based on the nonlinear equations of equilibrium of a thin helical rod (Love, 1944) and considers the torsion and bending stiffness of the wires.
The model of Velinsky gives a good approximation of the mechanical response of the rope, but is limited to a well-lubricated rope. In practice, most wire ropes are exposed to un-lubricated condition. Consequently, the tension stress calculation must be calculated by an appropriate kinematics by which friction condition will be simulated. Moreover, such a model must fully consider the double helix configuration. Elata et al. (2003) have introduced a new double helix model which fully considers the double helix configuration and simulates the mechanical response of the rope by assuming two alternative kinematics which simulate lubricated and un lubricated rope. Elata's model was validated by using the equilibrium equations for thin rods (Love, 1944 ) and a good correspondence was obtained with respect to experimental
In this study Elata' s model is applied to analyze the mechanical performance of a non-rotating cable as it varies with geometrical properties.
In the next section, the rope structure is described. The kinematics of the wires is introduced in section 3.
In section 4, the mechanical response of a non-rotating rope is simulated for different strand lay angles.
ROPE STRUCTURE
The rope is a straight structure constructed from layers of strands that are wound around the rope core (Fig. 1) . The location along the centerline of a single-helix is given by: Following Feyrer (1994) , the location along the centerline of a double-helix wire is given by
where 6>" = mQ s +6>" 0 and R u is the distance between the double-helix wire centerline and the single-helix strand centerline. Here m is a construction parameter and <9" 0 is the wire phase angle. The construction parameter m is a geometrical property common to all wires in a specific wire layer within a strand.
KINEMATICS OF WIRES IN AN UN-LUBRICATED LOADED ROPE
Consider a wire rope of a length L (Fig. 2 ) that is subjected to an axial displacement ΔL and an axial rotation angle Αφ. The axial strain along a wire, due to an assumed kinematics, is given by:
where dS is an incremental length along the undeformed wire, and ds is an incremental length along the deformed wire.
The kinematics that is considered here simulates an un-lubricated rope and accordingly relative displacements between adjacent wires are not permitted.
Under this assumption any rope cross-section perpendicular to the rope axis at the undeformed state remains planar and perpendicular to the rope axis in the deformed state. This kinematics induces a variable axial strain along each of the double-helix wires.
The location along the deformed centerline of a double-helix wire is given by:
where A, and ε;. are the cable twist and cable axial strain, respectively, Figure 2 illustrates the undeformed and deformed configurations of a single-helix and a double-helix wire in a rope that is subjected to both twist and cable axial strain.
Radial contraction due to Poisson effect on the wire diameter is neglected on the basis of previous work (Jolicoeur and Cardou, 1991) . Similarly, it is assumed that in the case of 1WRC construction the radial contraction of the rope core may also be neglected. The behavior of a wire rope with fiber core in which radial contraction may not be neglected is not considered in the present study. 
VALIDATION OF THE KINEMATICS
The assumed kinematics generates a fiber response at each wire that may be calculated according to the equilibrium equation for thin fiber (Love, 1944) :
where , v is the length along the wire, Τ is the axial tension, and q is the traction (force per unit wire length) applied to the wire.
The kinematics was examined to fulfill the following:
/. Equilibrium state at the rope level
Any solution at the wire level must be examined to supply uniform axial torque and force along the rope.
Let F c be the resultant internal force at the cable-level cross-section, and let M c be the resultant internal moment at the cable-level cross-section with respect to the cable axis.
where e,,(z) is the tangent vector at a point along a wire i, r, is the radial location of the point along the double helix wire with respect to the rope axis and n w is the number of wires. The axial force and torque that are generated along the cable are given by:
The validation of the model at the rope level was validated by examining the variation in the axial force and torque:
where F c and M c are the average values of F c (z) and M c (z) along the cable, respectively.
The validity of an assumed kinematics will be henceforth quantified by the maximal value of the normalized variations of V/ and V Kt .
Reciprocity Theorem of Bett i
A characteristic cable feature is the coupling of extension and torsion responses. In the linear case, the global cable stiffness and coupling effect can be conveniently expressed as (Jolicoeur and Cardou, 1991 )
The cable as a structure may be considered as an elastic body that is subjected to two uncoupled external loads. According to the reciprocity theorem of Betti, the stiffness matrix must be symmetric. The validity of the model was also quantified by the extent in which the Betti theorem is satisfied, namely, the symmetry of
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the stiffness matrix in Eq. (13). This validation is also a measure of the spurious external loads at the rope level because in the absence of such loads Betti's theorem is naturally satisfied.
Mechanical response simulation
The simulation programs were written in the Maple m symbolic programming code. The simulation procedure included the following steps:
1. Characterization of the geometrical parameters of all wires in the undeformed configuration.
2. Determination of the deformed configuration of each wire according to the postulated kinematics.
3. Calculation of the axial strains of each wire at any cable cross-section.
4. Computation of the rope level internal axial force and internal axial torque, at any given cross-section.
Calculation of the stiffness matrix coefficients of the rope as varies with geometrical properties.
The mechanical response of a non-rotating rope of 14 [mm] diameter ( Fig. 3 ) was simulated. The cable is constructed of a strand core, an inner stand layer of left lang-lay, and an outer strand layer of a right regularlay. For all simulations executed in this work the normalized variations V t . in the axial force F c and the normalized variations V M in the moment M c at the cable cross-section were less than 1.0e-7. This suggests that the assumed kinematics is a reasonable approximation of the actual deformation of the wires under unlubricated condition. conducted on a tension torsion machine at which the cable was loaded under fixed and free end conditions. The stiffness matrix is nearly symmetric. 
Rotation resistance as varies with pitch length and wire lay
Unlike the 35x7 which is fully balanced the 18x7 construction is characterized by relatively small rotational displacements when axially loaded under free end condition. At such loading the outer strand layer will un-lay while the inner layer will close and shorten its lay. The rotation resistance of the cable may be expressed as:
Equation 14 states that as R increases the axial stiffness of the rope under free end condition will be much closer to the axial stiffness of the rope under fixed end condition and consequently the rotational displacement will be smaller. It is obvious from Table 2 that as the lay length of the outer strand increases the moment that is created by this strand layer decreases and the axial stiffness of the rope increases. Table 3 it is obvious that an inner strand layer that is characterized by a regular lay will decrease the rotation resistance of the rope with respect to a Lang lay strand layer.
Stress simulation
Figures 6 and 7 describe the distribution of the tension stress along the regular lay double helix wire at the outer strand layer for lay lengths of 80 and 100 [mm] . Figure 8 describes the distribution of the tension stress along the Lang double helix wire at the inner strand layer. The rope is exposed to an axial load of 35 [kN] under free and fixed end conditions. Under fixed end condition the tension stress is maximal where the radial location is minimal, i.e, at the contact points with the core. When the rope is exposed to a free end condition the tension stress is maximal where the radial location is maximal at this axial load. The inner layer is tightening and as a consequence the tension stress increases along all the wire. Moreover, there exists a specific rotational displacement at which the tension stress is uniform along the wire.
The maximum tension stress is of 750 [MPa] at the outer points and of 700 [MPa] at the inner points.
A new model of the mechanical response of a wire rope with multi-strand construction was applied to simulate the mechanical response of a non-rotating rope with independent wire rope core. The rope was assumed to be un-lubricated. The proposed mode! provides wire level predictions of the tensile stress, axial 6. DISCUSSION AND CONCLUSIONS strain, inter wire interactions and friction forces. This information can be used to predict failure, fatigue and fretting at the wire level. Accordingly, the model can be used for the optimization and design process of complicated wire rope cross-sections. 
